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. Basic steps in an enzyme-catalysed reaction. This schematic illustrates the action of a degradative enzyme breaking down a large molecule into its smaller building blocks.
The specificity of enzyme action can be thought of in terms of a "lock and key" model, in which the lock is the enzyme and the key is the substrate. The enzyme and substrate must have complementary shapes that fit with one another.
Enzymes work by holding their substrates in an orientation that is favourable for the chemical reaction to occur. This lowers the energy required for the reaction and thereby dramatically increases the rate of reaction. It should be noted that whilst the "Enzymes in Action" activity and the above diagram illustrate the action of "breaker" enzymesthose which break large molecules into simpler products -enzymes can also be "builders", combining small simple molecules into large complex products i.e. the schematic shown in Figure S1 could easily work in reverse.
Enzymes have a number of properties that make them ideal for use in large-scale industrial reactions:
 Function at conditions of lower temperature and pressure, and neutral pH, thus reducing energy costs.  Highly specific.  Re-usable; can be recovered unchanged after reaction.  Efficient; a small amount of enzyme can catalyse the production of large quantities of product.
How do enzymes make plants rot?
Humans have always competed with microbes for food. After food is harvested, microbes on the surface of the food begin to consume it, generating a variety of chemical products. Such microbial activities are employed in modern industry in a number of ways to aid food production however they can also have undesirable effects by rendering products inedible or otherwise unfit for consumption. Collectively, these undesirable effects result in food spoilage.
Different foods spoil in different ways, depending on nutrient composition, the colonising microbial species and environmental factors such as humidity, temperature and acidity. Secretion of degradative enzymes is one form of microbial spoilage which in this activity, is illustrated with the example of rotting plant foods.
Microbes which infect plants (known as plant pathogens) rarely infect humans and the majority are fungi, however some such as Erwinia and Dickeya species (as shown on the poster in Appendix 3), are bacteria. Historically, plant pathogens have been responsible for major agricultural catastrophes (such as the Irish potato famine of the mid-nineteenth century, caused by the fungus-like microorganism, Phytophthora infestans) and continue to devastate local economies worldwide.
Microbial enzyme action can readily be observed in stored plant foods. Resident microorganisms secrete enzymes that degrade pectin and cellulose -the large complex molecules which give plants their structureand the products of digestion (simple sugars and acids) can then be transported into the microbial cell where they are used for growth. The action of these "breaker" enzymes thus results in wilting and softening (apparent in the rotten cucumber use in this activity!) and gives foods a distinctly unpleasant taste.
It should be noted that whilst the plant-degrading actions of such enzymes have negative implications in the context of food spoilage and safety, they are also exploitable (see "The Applications of Microbial Enzymes" below) and essential in nature. Indeed, without help from the enzyme-producing microbes of our gut microflora, the human body would be unable to derive energy from some of the carbohydrates it consumes (including certain starches, fibres and sugars like cellulose) as human cells are unable to produce the enzymes needed to digest them.
Microbial Enzymes in Industry
Over the years, the study of microbiology has increased our knowledge of how microorganisms work and the application of this knowledge has led to great advances in human welfare. In addition to providing insight into the cause and prevention of microbial diseases, the understanding gained from microbiology has allowed microorganisms and their metabolic processes to be exploited for large-scale production of many commercial products. Enzymes are one such industrially valuable microbial substance.
Microorganisms produce many different enzymes, most of which are generated in only small amounts and carry out their functions within the cell. However, certain enzymes are produced by bacteria and fungi in large amounts and secreted into the environment where they digest large insoluble molecules such as starch, proteins and fats. These properties make microbial enzymes useful for a variety of applications across the food, health, laundry and textile industries, examples of which are described below.
Scaling-Up Enzyme Production: Fermentation
An essential requirement in taking enzymes from the microbe to the factory is to increase the scale of enzyme production, a procedure known as scale-up. Whilst it is relatively easy to grow microbes in small-scale laboratory equipment, producing microbial substances for industrial use becomes complicated as massive numbers of microorganisms must be grown.
The vessel in which microorganisms are grown for commercial use is called a fermentor. Commercial fermentors are typically 10,000 -500,000L in volume, depending on the industrial process (compared to the 5 -10L capacity of laboratory fermentors). Thus many of the complications of scale-up are related to ensuring adequate aeration and mixing of the microbial culturetwo critical conditions which are much easier to meet in a small laboratory flask than in a large industrial fermentor! Figure S2 . Simplified diagram of the inside of an industrial fermentor showing the cooling jacket, submerged aerator, rotating impeller and sensor probes for system monitoring.
Industrial fermentors essentially comprise a large cylinder (usually constructed of stainless steel) into which several pipes and valves are fitted. When in operation, the tank contains a nutrient solution which is inoculated with a pure culture of the bacterium or fungus to be used. Sterilisation of the culture medium is achieved by feeding steam into the system, and an external cooling jacket ensures the correct temperature for growth. To meet the high oxygen demand of the culture, high-pressure sterilised air is passed through holes in a submerged aerator, emerging as a series of bubbles. These bubbles are mixed throughout the microbial culture by a stirrer (known as an impeller), which also distributes microbial cells evenly throughout the suspension, ensuring uniform access to both oxygen and nutrients. During a production run, probes in the fermenter continuously monitor temperature, oxygen, pH and nutrients levels, all of which may alter as fermentation proceeds. Any changes are detected and conditions modified automatically by a computerised system, keeping parameters in the tank optimal for product yield. Following scale-up, the effluent from fermentation is subject to further extraction and purification steps to give the purified enzyme product.
Immobilised Enzymes
One complication of using isolated microbial enzymes for industrial catalysis is that they may need to be removed from the product, which can be an expensive process. One way to get around this problem is to use immobilised enzymes, which can be fixed in position through a number of routes: attachment to a solid carrier, cross-linking between enzyme molecules or containment of the enzyme within a semi-permeable membrane. The immobilised enzyme is then packed into a column, through which a supply of substrate is continuously passed to yield enzyme-free product. An example of an industrial process in which immobilised enzymes are heavily employed is the conversion of starch into high-fructose syrup, as described below. Immobilisation of enzymes has the additional advantages of allowing the enzyme to be reused and providing protection, thus keeping the enzyme stable for longer.
The Applications of Microbial Enzymes: Examples
Some enzymes have a long tradition of industrial use. For example, hides used in leather tanning have for centuries been softened and hairs removed using proteases (protein-digesting enzymes) naturally present in faeces. In a similar way, proteases are used to tenderise cuts of meat before they are made available to consumers. Also stretching back in human history is the exploitation of enzyme activities to make a variety of food and drink products including cheese, yoghurt, bread, beer and wine.
Modern day industry has seen many developments in the uses of microbial enzymes and some of the more generally familiar examples are described here. It should be noted that the examples listed refer only to applications in which secreted enzymes have been isolated for useindustrial processes which exploit enzymes by using the whole microbe are not covered.
Laundry and Textiles
Biological laundry detergents. The detergent industry represents the single largest market for microbial enzymes. Proteases account for approximately 90% of the total enzymes used in laundry detergents, with many brands also containing amylases (starch-digesting enzymes) from bacteria and lipases (fat-digesting enzymes) from fungi. This cocktail of enzymes helps to remove stains that are rich in organic matter (e.g. from food or blood) by degrading large insoluble molecules into smaller watersoluble components, which are washed away in the laundry cycle. Cellulases (which digest cellulose -see "How do enzymes make plants rot?" above) are also frequently incorporated, and act to digest the cotton "fuzz" that accumulates with excessive washing thereby returning fabric to a softer, brighter appearance. Microbial enzymes are active at relatively low temperatures (approximately 40 o C), making them a both effective and environmentally friendly mode of cleaning.
Food and Drink
High-fructose syrup: drinks and slimming foods. Amylases are used to break down large starch molecules into their smaller glucose subunits (see Fig. 1A in main article). The glucose is then converted by a second enzyme, isomerase, into the sugar fructose. The final product of this process is high-fructose syrup, which can be generated from a number of cheap starch-rich starting materials such as corn, potatoes or wheat. High-fructose syrup is widely used in the food and beverages industries to sweeten sports drinks, juices and many other products. More recently, high-fructose syrup has been employed as an alternative to glucose for the production of slimming foods; fructose tastes sweeter than glucose thus smaller amounts (and fewer calories) are required to give the same flavour.
Soft-centre confectionery. The enzyme invertase (sucrose-digesting) derived from the baker's yeast, Saccharomyces cerevisiae, is widely used in the confectionery industry. One of its more familiar applications is in the production of soft-centre chocolates such as the after-dinner mints, "After Eights". Initially, a solid paste with the consistency of fudge is made using sucrose (hard table sugar). A small amount of invertase is then added to the sucrose before it is coated in chocolate and incubated for a couple of weeks. During this time, the enzyme partially liquefies the sucrose into the simple sugars, glucose and fructose, within the chocolate shell, giving the characteristically soft and runny centre.
Dairy and lactose-free products. Key fungal enzymes are widely used in the dairy industry to yield a variety of products including cheese, yoghurt and buttermilk.
-Rennin -a protease produced by fungi and available in the commercial form of rennet -is used to curdle milk for cheese production. Rennin is naturally found in the stomach lining of new-born ruminants, where it curdles ingested milk allowing longer residence in the gut and better absorption.
-Lipases are also used in cheese production. These enzymes break down milk fats into free fatty acids, which give the characteristic aromas, textures and sharp tastes of certain strongly flavoured cheeses such as Feta, blue-mould cheeses and the Italian cheese, Romano.
-Lactase breaks down the milk sugar lactose into its smaller constituents, glucose and galactose. A deficiency of lactase in the small intestine is responsible for the human dietary condition, lactose intolerance, which results in discomfort (cramps, gas and diarrhoea) upon the ingestion of milk products. Thus lactase is used commercially to produce lactosefree products for such individuals, and is also used to enhance the sweetness and creaminess of ice cream.
Baby food. As young babies struggle to digest solid foods (and are furthermore unable to break down foods by chewing), microbial proteases are used to "pre-digest" proteins in commercial baby formulas, making is easier for the immature digestive system to cope with the ingested material.
Wine and fruit juice. During the manufacture of wine and fruit juices, the cells of the fruits must be broken down before the juice can be extracted, clarified and concentrated. Plant cell walls are built from large insoluble fibres of cellulose, which are in turn held together by pectins and hemicellulose (referred to in the earlier section, "How do microbes make plants rot?"). Preparations of the digestive enzymes cellulases, pectinases, and hemicellulases (produced by both bacteria and fungi) are added to an initial purée of crushed fruit, causing the cell walls to break up and release most of the juice.
Medicine and Health
Treatment of thromboses. Thromboses are the blood clots which can arise in damaged blood vessels, and are in danger of being dislodged and travelling through the circulation where they may come to block an artery in the heart (leading to a heart attack) or in the brain (leading to a stroke). Treatment with microbial enzymes (e.g., streptokinase from Streptococci bacteria) which promote digestion of the protein fibrinthe major constituent of blood clotsare used as effective and inexpensive medication for thromboses.
Clinistrips. Bacterial enzymes are used in biosensorsdevices which detect or monitor the presence of a specific substance using a biological agent. Clinistrips (a.k.a. Clinistix™) are a type of biosensor used in clinical diagnostics for the specific detection of glucose. Included in the strip is a paper pad onto which the enzyme glucose oxidase (often that of the fungus, Aspergillus niger) has been dried. When this enzyme comes into contact with glucose (for example, glucose present in patient blood or urine), the glucose is converted into the products hydrogen peroxide and gluconolactone. The enzyme peroxidase is also present on the strip and uses the hydrogen peroxide to react with a coloured dye, producing a colour change. The degree of colour change reflects the concentration of glucose detected thus Clinistrips can be used to diagnose medical conditions such as diabetes.
In a similar way, enzymes isolated from Rhodococcus and Pseudomonas bacteria have been incorporated into a biosensor strip able to detect the presence of the drug heroin.
Testing for Enzyme Activity Amylases and the Iodine Test
As mentioned above, amylases are starch-digesting enzymes and are produced by a number of species of bacteria and fungi. Amylases are also produced by plants and feature in the digestive system of humans, where they are secreted by the salivary glands and pancreas.
Starch is the most common carbohydrate in the human diet and is contained in large amounts in staple foods such as potatoes, wheat and rice. Starch is a polysaccharide comprising hundreds if molecules of the simple sugar, glucose, linked together. Amylases digest starch into simpler sugar subunits including the disaccharide sugar, maltose and the monosaccharide, glucose (see Figure1A in main article).
The Lugol's solution used in this activity contains the chemical element iodine dissolved in an aqueous solution of potassium iodide. Staining with this solution is used as a routine laboratory and medical test for the presence of starch; iodine solution reacts with the starch in stained substances, forming a very dark blue-black complex. In the absence of starch, the solution remains its original yellow-brown colour and intermediate colours reflect different concentrations of starch.
When bacteria are incubated on LB + 1% (w/v) starch plates, they multiply using available nutrientsincluding the starch in the platesfor energy. As the cells are unable to assimilate the insoluble starch molecules directly, they secrete amylases and the smaller simple sugars produced from digestion are readily absorbed into cells.
Hence when the plates are stained with iodine, the majority of the agar turns blue-black whilst a clear, unstained ring or "halo" is seen around the streaked bacteria (see Fig.1B in main article) . This test is commonly used in microbiology to check for extracellular amylase production by different microbes.
Microbial amylases are widely used in industry and some more examples of their applications are provided in Table S1 , in addition to those already outlined above. 
Proteases and Milk Plates
Proteases are protein-digesting enzymes which are widely distributed in nature, being present in viruses, bacteria, fungi, plants and animals. Proteases are produced throughout the human body to facilitate a variety of processes. For example, proteases in the digestive tract help us to digest the proteins in our food whilst those in the blood have roles in blood clotting and regulation of the immune system.
Proteases digest long protein chains into shorter fragments by breaking down the peptide bonds that link the building blocks of proteins -amino acidstogether.
In the laboratory, microbial protease activity can be detected using nutrient agar plates containing skimmed milk. The addition of skimmed milk creates favourable conditions for the growth of microorganisms and gives the plate a white, cloudy appearance. As similarly described for starch, microbes are unable to absorb large protein molecules directly, and secrete proteases into their extracellular environment. The proteases digest the proteins found in milk (chief among which are the casein proteins) into smaller digestible fragments. This activity is indicated by clear zones surrounding the bacteria (Fig. S3 ). Figure S3 . An image of a plate of LB +1.5% (w/v) skimmed milk agar onto which Bacillus subtilis NCIB3610 has been streaked such that it formed the word "ENZYME" and incubated at 37 o C overnight. Placing the plate on a black background enables clear zones around the bacteria to be seen, indicating protease secretion. Note that the cloudy appearance of the agar is generated from the milk.
Proteases are the microbial enzymes produced in the largest amount in industry and some examples of their commercial applications are provided in Table S2 . 
LB + 1% (w/v) Starch Plates
The nutrient agar plates on which Bacillus subtilis is grown for this activity contain 1% (w/v) soluble starch and are prepared as outlined below. The listed reagents are available from most life science laboratory suppliers. Amounts shown are sufficient for 500ml medium (approximately 20 plates of 90mm diameter).
To a 1L Duran® bottle, add the following:
5g tryptone, microbiologically tested 5g sodium chloride ≥99.5%, analytical grade 2.5g yeast extract, for use in microbiological growth medium 7.5g select agar 5g soluble starch, analytical grade 500ml distilled water Dissolve by either heating in a microwave or autoclaving at 126 o C for 40 minutes. Allow to cool until the medium is hand-hot. Under sterile conditions, pour the medium into fresh petri dishes, allowing approximately 25ml per plate. Allow the agar in the plates to set for 20 minutes at room temperature before drying fully in a drying oven (80 o C for 20 minutes) or leaving to dry at room temperature for 2 days.
The bacteria are streaked onto the LB+starch plates under sterile conditions, using a plastic micropipette tip or a cocktail stick. Streaked plates are then incubated at 30 o C for 48 hours or at room temperature for 72 hours.
LB + 1.5% (w/v) Skimmed Milk Plates
Demonstrators may also wish to display skimmed milk plates (example shown in Fig. S3 ) during the activity, to highlight the diversity of microbial enzymes and their substrates. LB + 1.5% (w/v) skimmed milk plates suitable for growth of B. subtilis are prepared as outlined below. Again, the listed reagents are available from most life science laboratory suppliers and amounts shown are sufficient for 500ml medium.
For the milk solution:
Add 15g skimmed milk powder to 80ml distilled water and dissolve by stirring. Once completely dissolved, transfer the milk solution to a measuring cylinder and make the total volume up to 100ml with distilled water.
Transfer the milk solution to a 250ml Duran® bottle and either autoclave for 20 minutes at 110 o C or heat gently (but do not allow to boil) in a microwave.
For the nutrient agar medium:
5g tryptone, microbiologically tested 5g sodium chloride ≥99.5%, analytical grade 2.5g yeast extract, for use in microbiological growth medium 7.5g select agar 450ml distilled water Dissolve by either heating in a microwave or autoclaving at 126 o C for 40 minutes. Allow to cool until the medium is hand-hot. Add 50ml of the autoclaved milk solution to the bottle containing the tryptone, sodium chloride, yeast extract, agar and water. Agitate the flask by hand to distribute the milk solution evenly.
Under sterile conditions, pour the medium into fresh petri dishes, allowing approximately 25ml per plate. Allow the agar in the plates to set for 20 minutes at room temperature before drying fully in a drying oven (80 o C for 20 minutes) or leaving to dry at room temperature for 2 days.
